Sperm of the Pacific herring, Clupea pallasi, are unique in that they are immotile upon spawning in the environment. Herring sperm have evolved to remain motionless for up to several days after spawning, yet are still capable of fertilizing eggs. An egg chorion ligand termed ''sperm motility initiation factor'' (SMIF) induces motility in herring sperm and is required for fertilization. In this study, we show that SMIF induces calcium influx, sodium efflux, and a membrane depolarization in herring sperm. Sperm motility initiation by SMIF depended on decreased extracellular sodium (<350 mM) and could be induced in the absence of SMIF in very low sodium seawater. Motility initiation depended on > 1 mM extracellular calcium. Calcium influx caused by SMIF involved both the opening of voltage-gated calcium channels and reverse sodiumcalcium (Na ؉ ͞Ca 2؉ ) exchange. Membrane depolarization was slightly inhibited by a calcium channel blocker and markedly inhibited by a Na ؉ ͞Ca 2؉ exchange inhibitor. Sodium efflux caused by SMIF-initiated motility was observed when using both extracellular and intracellular sodium probes. A Na ؉ ͞Ca 2؉ exchange antigen was shown to be present on the surface of the sperm, primarily over the midpiece, by using an antibody to the canine Na ؉ ͞Ca 2؉ exchanger. This antibody recognized a 120-kDa protein that comigrated with the canine myocyte Na ؉ ͞Ca 2؉ exchanger. Sperm of Pacific herring are now shown to use reverse Na ؉ ͞Ca 2؉ exchange in motility initiation. This mechanism of regulation of motility initiation may have evolved for both maintenance of immotility after spawning as well as ligand-induced motility initiation.
T eleost fish sperm are quiescent within the testes and seminal plasma before spawning, but most initiate motility after dilution into the external medium (freshwater or seawater for most species) in which spawning occurs (1) . In salmonids, motility initiation occurs with dilution in freshwater, specifically from a reduction in extracellular potassium that drives a membrane hyperpolarization and an increase in intracellular calcium ([Ca 2ϩ ] i ) (2) (3) (4) (5) (6) . Changes in the concentrations of specific ions (Ca 2ϩ , K ϩ , and possibly Na ϩ and Cl Ϫ ) also have been linked to motility initiation in Atlantic croaker sperm (7) . A hyperpolarization of the sperm membrane also has been documented in carp sperm, reportedly linked to the opening of voltage-gated Ca 2ϩ channels and an increase in [Ca 2ϩ ] i (8) . In other freshwater teleost sperm (goldfish, zebra fish), as well as in marine teleost sperm (puffer, flounder), motility is believed to occur as a result of nonspecific hypo-or hyperosmotic changes that drive changes in intracellular ion concentrations (5, 9, 10) . Thus, in all systems studied to date, a membrane hyperpolarization leads to an increase in [Ca 2ϩ ] i and the initiation of motility.
Although the stimulation of sperm motility in the vicinity of eggs has been reported in some teleost fish, only herring sperm have been shown to require an egg chorion-derived ligand for initiation of motility. Upon spawning, herring sperm (Clupea pallasi) are intrinsically motionless over a wide range of salinities (11) (12) (13) (14) . This immotility may be related to the unique reproductive biology of herring in which male fish spawn first, with sperm remaining in the water column for extended periods, followed by the spawning of females (15) . Herring sperm motility is initiated in the presence of sperm motility initiation factor (SMIF), a 105-kDa basic glycoprotein that is localized to the micropylar region of the herring egg (16, 17) . Although nondiffusible in vivo, SMIF can be extracted in acid seawater, and soluble SMIF retains its motility-initiating properties. Both in vivo (around the chorion) and in vitro sperm motility is reduced at salinities Ͻ 8 parts per thousand (ppt) or Ͼ 24 ppt (14, 18, 19) . This range of salinities correlates with the optimal salinity regime for fertilization and early development in Pacific herring (14) . Previous studies have shown that extracellular Na ϩ ([Na ] o ) influence both sperm motility and fertilization (11) (12) (13) (14) 18) . Sperm motility can be initiated in the absence of SMIF by low-Na ϩ (2 mM) seawater (NaF; ref. 13); both SMIF-induced and NaF-induced motility initiation require the presence of [Ca 2ϩ ] o (minimum of 1 mM). Herring sperm motility also can be initiated by herring sperm activating peptides (HSAPs) that rapidly diffuse away from the eggs at spawning (19) (20) (21) Cavanaugh (22) . Choline chloride was substituted for Na ϩ in NaF and 5 mM EDTA or EGTA was added to prepare Ca-free seawater (CaF), NaCa-free seawater (NaCaF), and CaMg-free seawater (CaMgF). Herring Ringer's (HR) solution (206 mM NaCl͞7.2 mM KCl͞2.1 mM CaCl 2 ͞3.1 mM MgCl 2 6H 2 O, pH adjusted to 7.6 with 1 M NaHCO 3 ) was prepared as per Yanagimachi (11, 12) .
Mature Pacific herring were caught by otter trawl in San Francisco Bay by the California Department of Fish and Game and transported on ice to the Bodega Marine Laboratory. Testis and ovaries were dissected and stored in individual culture plates at 4°C under moist conditions (13) . Some experiments were conducted at the Hokkaido National Fisheries Research Center by using animals caught at Akkeshi Lake, Hokkaido, Japan.
Isolation of SMIF.
Herring eggs were suspended and washed three to five times in 1͞2 CaMgF containing 0.25% polyvinyl alcohol at 4°C. Eggs were disrupted in 1͞2 CaMgF with a dounce homogenizer, the chorions were allowed to settle out of solution and were washed free of egg cytoplasm with four to five exchanges of 1͞2 CaMgF, followed by washing with distilled H 2 O (16, 17) . Chorions either were used immediately or lyophilized and stored at Ϫ70°C. SMIF was isolated by suspending the chorions in 1͞2 artificial seawater (pH 3.5) at 4°C for 30 min with periodic homogenization. The homogenate was centrifuged at 12,000 ϫ g for 15 min; the supernatant pH was adjusted to pH 7.8 and concentrated by using 10-kDa molecular mass centricon microconcentrators (Amicon). The retentate, SMIF, was used immediately or stored at Ϫ70°C. The lowest dilution that yielded Ͼ75% sperm motility (4ϩ motility) was used in experiments; this was typically 20-50 g͞ml protein.
Evaluation of Sperm Motility. Sperm motility was assessed with either a 10ϫ or 20ϫ objective lens by using the following qualitative index: 0 ϭ no motility, 1ϩ ϭ Ͻ25% motility, 2ϩ ϭ 25-50% motility, 3ϩ ϭ 50-75% motility, 4ϩ ϭ Ͼ75% motility (13, 14, 16) . Sperm motility patterns were recorded by using NIH IMAGE v. Calibration of the response to SMIF was not possible with NaG i because fluorescence is not linear at physiologically relevant salinities for herring sperm (i.e., 220 mM Na ϩ o ). Thus, changes in [Na ϩ ] i were represented as arbitrary fluorescence units.
Na ϩ efflux was measured as an increase in NaG o , at excitation 507 and emission 532. Immotile sperm (10 6 per ml) were suspended in 1͞2 NaCaF to which 5 M NaG o was added. After baseline stabilization, the change in fluorescence was recorded after sperm activation with the addition of Ca 2ϩ (5 mM final). A comparable volume of 1͞2 NaCaF was added to the control. In some experiments, sperm were preincubated with flunarizine (20 M), bepridil (10 M), or DMSO (solvent control) for 5 min before measurements. The concentration of Na ϩ was calculated by using a standard curve constructed from known concentrations of Na ϩ in 1͞2 NaCaF.
Measurement of Membrane Potential. Membrane potential was measured with DiSC 3 (5) (24) by using a fluorescence spectrophotometer at 620 nm excitation and 670 nm emission (slit width 5 nm) at 13°C. To reduce the contribution of mitochondrial membrane potential to the DiSC 3 (5) emission spectra, the mitochondrial uncoupling agent CCCP (0.5 M) was used. Sperm (10 6 per ml) were suspended in 1͞2 FSW with or without nifedipine (50 M) or bepridil (20 M), followed by the addition of 0.5 M DiSC 3 (5) and CCCP. After baseline stabilization, SMIF or a comparable volume of 1͞2 FSW was added to the suspensions, and the change in fluorescence was recorded.
Immunolocalization. Live sperm were washed in HR, incubated in the IgG fraction of an anti-canine Na ϩ ͞Ca 2ϩ exchange antibody for 1 h at room temperature (RT), followed by centrifugation through PBS containing 10% (vol͞vol) Ficoll (1ϫ) and PBS (2ϫ). Sperm then were fixed for 15 min in 3% (vol͞vol) paraformaldehyde, washed two times in PBS, and resuspended in blocking solution (PBS containing 10 mg͞ml BSA). Some samples were fixed before incubation with the antibody and then permeabilized by using Triton X-100 (0.5%) for 1 h at RT, followed by incubation with PBS with BSA and primary IgG. This procedure facilitated antibody access inside of cells. After primary antibody, sperm were centrifuged at 920 ϫ g for 5 min in blocking solution, incubated in blocking solution for 30 min at RT, and then incubated in normal goat serum for 30 min. Secondary antibody (goat anti-rabbit Alexa 488) was added for 1 h followed by washing in PBS. Sperm were resuspended in mounting medium (0.04 M N-propyl gallate in 10% PBS͞90% glycerol) and viewed with an Olympus BH-2 microscope equipped with a laser scanning confocal system using a 60ϫ oil immersion fluorescence objective. Control sperm consisted of suspensions labeled with secondary antibody only. per ml) were washed once in HR containing a protease inhibitor mixture at 4°C, incubated in TBS containing protease inhibitor mixture for 15 min on ice, centrifuged at 920 ϫ g, and incubated with TBS͞ protease inhibitor mixture͞1% Triton X-100 for 1 h on ice. Sperm were centrifuged at 3,500 ϫ g for 10 min, and the supernatant was aliquoted and stored at Ϫ70°C. For a positive control, canine cardiac tissue was homogenized in TBS͞protease inhibitor mixture, extracted as for herring sperm, centrifuged, and the supernatant was aliquoted and stored as above.
Electrophoresis and Immunoblotting. Extracts of herring sperm and canine cardiac tissue were solubilized in reducing buffer (0.3 M Tris͞5% SDS͞50% glycerol, pH 6.8 containing 5% ␤-mercaptoethanol) and boiled for 3 min. Samples were electrophoresed using precast 10% Tris-glycine gels and either stained for protein using Gel-Code blue or transferred to 0.22 m nitrocellulose membranes. The membranes were blocked overnight at 4°C in blocking buffer (10 mM Tris⅐HCl͞100 mM NaCl͞4% nonfat milk). The membranes were incubated with rabbit anti-Na ϩ ͞Ca 2ϩ exchange protein and washed several times with TBS containing 0.1% Tween-20 (TBST). The membranes then were incubated with goat anti-rabbit HRP, washed several times in TBST, and the proteins were visualized using chemiluminescence.
Results
Herring sperm were immotile in 1͞2 FSW and HR, but initiated motility in 1͞2 NaF in the absence of SMIF as has been reported (13 (Fig. 1B) . Both 1͞2 NaF-and SMIF-induced motility depended on [Ca 2ϩ ] o , requiring a minimum of 1 mM (summarized in Table  1 ). SMIF-induced motility was immediately blocked by the calcium channel blockers nifedipine (10 M) and flunarizine (10 M) and by the Na ϩ ͞Ca 2ϩ exchange inhibitors bepridil (10 M) and dichlorobenzamil (10 M). KB-R7943 (10 M), a specific reverse Na ϩ ͞Ca 2ϩ exchange inhibitor (25) , inhibited SMIFinduced motility and stopped all motility within 40 s when added to motile sperm in the presence of SMIF. SMIF and 1͞2 NaF induced different motility patterns in sperm. Fig. 2 depicts these patterns captured through frameaveraging video. Sperm were immotile in 1͞2 FSW (Fig. 2 A) , whereas a linear motility pattern was initiated in 1͞2 NaF (Fig.  2B) , and SMIF-induced motility was circular (Fig. 2C ). The differences in trajectories corresponded to different changes in [Ca 2ϩ ] i (see below). Addition of SMIF to sperm in 1͞2 seawater induced both motility and an immediate increase in [Ca 2ϩ ] i (⌬ ϭ 241 Ϯ 71 nM, n ϭ 10) (Fig. 3A) . Both depended on a minimum of 1 mM [Ca 2ϩ ] o . Sperm suspended in 1͞2 NaF underwent a gradual increase in [Ca 2ϩ ] i (⌬ ϭ 90 Ϯ 27 nM) that never reached the maximal level attained by sperm in SMIF (Fig. 3A) . Laser scanning confocal microscope images revealed that there was a global increase in fluorescence (increase in [Ca 2ϩ ] i ) in response to SMIF, over the midpiece and head regions of the sperm (Fig.  3B) . The SMIF-induced [Ca 2ϩ ] i increase was inhibited by nifedipine (90% inhibition at 100 M), flunarizine (98% inhibition at 10 M), bepridil (96% inhibition at 50 M), dichlorobenzamil (97% inhibition at 10 M), and KB-R7943 (99% inhibition at 10 M; Fig. 4 ).
The addition of SMIF to sperm preincubated with NaG i in 1͞2 FSW resulted in a 12% decrease in fluorescence intensity (n ϭ 9, P Ͻ 0.05), which translates to a decrease in [Na ϩ ] i (Fig. 5) . Similar results were obtained using NaG o to measure Na 3-4 1͞2 CaF ϩ 1-10 mM Ca 2ϩ 0
Sperm motility was initiated in 1͞2 NaF, but only in the presence of at least 1 mM Ca 2ϩ . Motility index is defined as follows: 0, no motility; 1ϩ, Ͻ25% motility; 2ϩ, 25-50% motility; 3ϩ, 50-75% motility; 4ϩ, Ͼ75% motility.
from sperm at initiation of motility in 1͞2 NaF (Fig. 6 ). This efflux was partially inhibited by 20 M flunarizine (51% inhibition) and completely blocked by bepridil (10 M).
SMIF induced a depolarization of the sperm membrane (increase in fluorescence) as measured by DiSC 3 (5) (Fig. 7) . The depolarization response was inhibited by bepridil (20 M; 67% inhibition) and slightly reduced by nifedipine (50 M; 6% inhibition). Sperm motility was not affected by the presence of DiSC 3 (5) .
The presence of a Na ϩ ͞Ca 2ϩ exchange antigen associated with the surface of herring sperm was demonstrated using a polyclonal anti-canine Na ϩ ͞Ca 2ϩ exchange antibody. Labeling of live sperm was most intense in the midpiece region, with labeling over the head and flagellum as well (Fig. 8A   Ј   ) . Permeabilized (0.5% Triton X-100 after paraformaldehyde fixation) sperm exhibited the same labeling pattern, indicating there was not additional intracellular antigen. Further confirmation that labeling was surface associated rather than cytoplasmic came from collections of Z-series (0.25 m) images (not shown). Control sperm (incubated in secondary antibody alone) exhibited no labeling (Fig. 8B   Ј   ) . Immunoblots of electrophoretically separated sperm polypeptides demonstrated that herring sperm possess a 120-kDa polypeptide that was recognized by the anti-Na ϩ ͞Ca 2ϩ exchanger antibody and comigrated with the exchanger from canine myocytes (Fig. 8C) .
Discussion
In herring sperm, the initiation of motility is in response to contact with a glycoprotein component of the egg chorion, SMIF. Ionic changes that accompany motility include an increase in [ -exchange mechanisms have been extensively investigated in a number of species and in a variety of tissue types (26) . In most systems, the exchanger operates to pump Ca 2ϩ out of the cell. Reverse Na ϩ ͞Ca 2ϩ exchange, however, has been described in mammalian smooth muscle, cardiac myocytes, canine and ferret red 5 . Change in [Na ϩ ]i in response to SMIF. Sperm were loaded with cell permeant NaG i and were suspended in cuvettes containing 1͞2 FSW; baseline fluorescence readings were taken before SMIF was added. SMIF produced a decrease in fluorescence intensity (n ϭ 9), signifying a depolarization event. This decrease (12%) was significantly greater (P Ͻ 0.05) than that observed when 1͞2 FSW alone was added to sperm suspensions (1% decrease). Fig. 6 . Efflux of Na ϩ from sperm in response to Ca 2ϩ . Sperm were suspended in 1͞2 NaCaF containing the cell impermeant Na ϩ probe NaGo. After establishing a baseline fluorescence, Ca 2ϩ (5 mM final) was added to the medium. An increase in fluorescence occurred, signifying an efflux of Na ϩ (⌬ ϭ 0.59 mM) from sperm (n ϭ 3). This efflux was blocked by bepridil (100% with 10 M) and partially inhibited by flunarazine (51% with 20 M).
blood cells, pancreatic B cells, barnacle muscle cells, and squid axons (26) (27) (28) (29) . Although the presence of a Na ϩ ͞Ca 2ϩ exchange mechanism in bovine sperm plasma membrane vesicles has been suggested (30) , the present study demonstrates the presence of such an exchanger on the surface of intact sperm. Not only does the Na ϩ ͞Ca 2ϩ exchanger in herring sperm comigrate with the canine myocyte polypeptide at 120 kDa, a 70-kDa band was recognized by the antibody in some preparations, which corresponds to a proteolytic degradation product or subunit of the exchanger (31, 32) . Interestingly, the Na ϩ ͞Ca 2ϩ exchanger localization studies produced similar binding patterns as a study (17) that localized SMIF-binding sites over the entire sperm surface, with the majority of label over the midpiece region.
A membrane depolarization was associated with herring sperm motility initiation. In barnacle muscle fibers a membrane depolarization seems to favor Ca 2ϩ influx by means of reverse Na ϩ ͞Ca 2ϩ exchange (33) . Elevated [Na ϩ ] o inhibits reverse Na ϩ ͞ Ca 2ϩ exchange in squid axons and some mammalian tissues (26, 34, 35) , observations consistent with what was observed in herring sperm.
Ion deletion experiments and studies using Ca 2ϩ channel inhibitors point to the second mechanism, a role for voltagesensitive Ca 2ϩ channels in herring sperm motility initiation. Krasznai et al. (8) demonstrated that the activation of voltagegated calcium channels is required in carp sperm for motility initiation; this activation depends upon membrane hyperpolarization through opening of K ϩ channels and a K ϩ efflux. In other teleosts, there has been debate over the source of the Ca 2ϩ and thus the need for Ca 2ϩ channels during the [Ca 2ϩ ] i increase at motility initiation (36) . Although some studies have suggested that Ca 2ϩ from intracellular stores may be sufficient for motility initiation (36) or may participate in the initiation of motility as has been described in puffer fish (9) , most studies have suggested that it is the influx of external Ca 2ϩ after membrane hyperpolarization that is required for motility (5, 8) . In herring sperm, it is clear that SMIF-induced depolarization activates voltage sensitive Ca 2ϩ channels, and that external Ca 2ϩ (Ն 1 mM) is required. Although it is possible that herring sperm motility initiation, maintenance, and the accompanying increase in [Ca 2ϩ ] i , could involve store-operated Ca 2ϩ channels, the presence of such channels in teleost fish sperm has not been investigated. Store-operated Ca 2ϩ channels have been shown to function in the sperm acrosome reaction in mammals and sea urchins (37, 38) , but teleost fish sperm lack acrosomes and it is unclear whether such channels would be involved in motility.
A ] i also has been observed in squid giant axons (34, 35) , and inhibition of calcium channels may indirectly impact the overall activity of the Na ϩ ͞Ca 2ϩ exchanger in this system (34) . This also may be the case for herring sperm, because influx of Ca ] i under SMIF induction, which elicits circular motility, was 75% greater than that observed with 1͞2 NaF induction, which results in more linear motility. Differences in motility patterns are the result of [Ca 2ϩ ] i -associated flagellar bending, which becomes more asymmetric (circular motility) as [Ca 2ϩ ] i increases (7, 36, 39, 40) . We have observed another egg-derived inducer of motility in herring sperm, HSAPs, which induce a linear motility pattern (19) . Thus, two inducers, two motility patterns, and two mechanisms for Ca 2ϩ i increase exist in herring sperm. A change from a linear to a more circular trajectory near the micropyle vestibule (where SMIF is localized) would increase the likelihood of a sperm entering the micropylar canal to fertilize the egg. The duration of sperm motility, once initiated, suggests another role for the Na ϩ ͞Ca 2ϩ exchanger. Herring sperm can remain motile in the presence of SMIF or an egg micropyle for more than 60 min in 1͞2 FSW (13 ] i inhibits axonemal bending (41) , this would provide a mechanism for maintaining [Ca 2ϩ ] i at levels that permit motility for extended periods. Fig. 7 . Effect of SMIF on membrane potential. Sperm were suspended in 1͞2 FSW or preincubated with 20 M bepridil or 50 M nifedipine for 5 min, followed by the addition of DiSC 3(5) and CCCP (not shown). Upon addition of SMIF (arrow), a depolarization was observed (increase in fluorescence intensity) which was inhibited slightly by nifedipine (6%) and more so by bepridil (67%). No change in membrane potential was observed in sperm to which 1͞2 FSW was added. 3) , and canine myocytes (lanes 2, 4) were visualized for protein (lanes 1, 2) after electrophoresis or were transferred to nitrocellulose and probed with anti Na ϩ ͞Ca 2ϩ exchange IgG and visualized using chemiluminescence detection (lanes 3, 4) . A band at 120 kDa was observed for both extracts that corresponds to the known molecular mass of the exchanger in canine myocytes. Molecular mass standards: 126, 90, 43.5, 33.9 kDa.
This study identifies a sperm-surface Na ϩ ͞Ca 2ϩ exchange mechanism that regulates motility initiation. It is likely that this mechanism has evolved in herring sperm for regulation of motility initiation so sperm can remain immotile (up to several days in the water column) until contact with the egg ligand. Because fertilization in herring occurs in a range near halfstrength seawater in the environment (14) , the requirement for a decrease in extracellular Na ϩ can be directly related to the efflux of Na ϩ against the Na ϩ gradient at motility initiation. This efflux of Na ϩ is probably energy-dependent, as has been shown in other systems where reverse Na ϩ ͞Ca 2ϩ exchange occurs (26) . We suggest that immotility in herring sperm is maintained by the Na ϩ ͞Ca 2ϩ exchanger under salinity extremes. Even when salinity in the environment is very low, where extracellular Na ϩ would be low enough for motility initiation to occur in the absence of an inducer, herring sperm probably remain immotile because the extracellular Ca 2ϩ would be below the required level of 1 mM. Thus, reverse Na ϩ ͞Ca 2ϩ exchange in herring sperm functions as a regulator of immotility as well as of ligand-induced motility initiation.
